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Abstract This review discusses the physics of magnetic reconnection – a pro-
cess in which the magnetic field topology changes and magnetic energy is con-
verted to kinetic energy – in pair plasmas in the relativistic regime. We focus
on recent progress in the field driven by theory advances and the maturity of
particle-in-cell codes. This work shows that fragmentation instabilities at the
current sheet can play a critical role in setting the reconnection speed and
affect the resulting particle acceleration, anisotropy, bulk flows, and radiation.
Then, we discuss how this novel understanding of relativistic reconnection
can be applied to high-energy astrophysical phenomena, with an emphasis on
pulsars, pulsar wind nebulae, and active galactic nucleus jets.
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1 Introduction
Magnetic reconnection is a common phenomenon in which the topology of
magnetic field lines is changed and magnetic energy is converted to kinetic
energy. Interpretations of space plasma measurements (e.g., Chen et al. 2008;
Øieroset et al. 2011) and astronomical observations suggest that reconnection
occurs in many places in the Universe. Because the length scale of magnetic
fields in astrophysical plasmas is extremely large, of order the size of astro-
physical sources, while low plasma resistivity means that the characteristic
scale of dissipation is very small, magnetic field lines are typically “frozen”
into the astrophysical plasma, inhibiting dissipation. The topological change
in the field lines produced by reconnection can break flux freezing and facilitate
dissipative energy conversion.
In this review, we focus on reconnection in pair plasmas in the relativistic
regime, in which the magnetic energy before the fields reconnect is significantly
greater than the total enthalpy of the particles, so that the particles become
relativistic when they enter the reconnection region. This condition is precisely
stated as
σ ≡ B
2
4pimnc2wn
> 1 (1)
where B is the magnetic field, n is the total particle number density including
all species, and wn is the enthalpy per particle (assumed to be the same for
both species), given by wn = γ + P/(mnc
2), where γ is the mean particle
Lorentz factor and P is the particle pressure. 1
Relativistic reconnection may be of importance in astrophysical magneti-
cally dominated systems such as Pulsar Wind Nebulae (PWN), as well as rel-
ativistic jets in Active Galactic Nuclei (AGN) or Gamma Ray Bursts (GRB)
which may be magnetically dominated. The observed radiation from such sys-
tems is typically highly energetic and nonthermal. Because shock acceleration
of particles through the Fermi process is likely to be inefficient in magneti-
cally dominated flows (Sironi and Spitkovsky 2011b; Sironi et al. 2013), it is
expected that reconnection is responsible for the acceleration of high energy
particles and the production of radiation in these magnetically dominated sys-
tems. The role of relativistic reconnection in particle acceleration and radiation
is a primary subject of this review.
This paper is organised as follows. In the remainder of Section 1, we re-
view simple models of relativistic reconnection (Section 1.1) and discuss the
physics of particle acceleration in relativistic reconnection (Section 1.2) In
Section 2, we discuss simulations of relativistic reconnection and the resulting
particle acceleration, anisotropies, and bulk flows. In Section 3, we explore the
application of relativistic reconnection in astrophysical systems; this section
includes predictions of the radiation spectrum resulting from reconnection in
those systems. Finally, in Section 4 we present our conclusions.
1 If wn  1 but σ < 1, the plasma is initially relativistic but reconnection is typically
weak, so the relativistic reconnection discussed in this review typically fulfils condition (1).
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1.1 Models of Reconnection
We now discuss models of reconnection in detail. Whenever regions of opposite
magnetic polarity are present, Maxwell’s equations imply that there will be a
current sheet in between. In this current layer, magnetic field lines can diffuse
across the plasma to reconnect at one or more X-lines. During reconnection,
magnetized plasma approaches the central plane of the current layer with an
asymptotic inflow velocity vin, which is also known as the reconnection velocity.
After passing the X-line, plasma is expelled from the vicinity of the X-line to
either side at the outflow velocity vout, which is typically assumed to equal the
characteristic speed of magnetic disturbances in plasma, the Alfve´n velocity
vA. In the relativistic regime, vA = c
√
σ/(1 + σ) ∼ c. The dimensionless
reconnection rate is usually defined as rrec ≡ vin/vout.
Outside of the current sheet, non-ideal effects are negligible and the mag-
netohydrodynamic (MHD) condition
E+
1
c
〈v〉 ×B = 0, (2)
holds, where E is the electric field, B is the magnetic field, and 〈v〉 is the mean
particle velocity.
In a steady-state configuration which is quasi-two dimensional and does
not vary strongly perpendicular to the plane of reconnection, the electric field
throughout the reconnection region Erec is uniform and can be found by ap-
plying the condition (2) outside the current sheet, giving
Erec = −1
c
(vin ×B0), (3)
where B0 is the reversing magnetic field outside the current sheet. Because
there is no velocity flow inside the current sheet, the electric field there is
sustained by some non-ideal effect which is responsible for dissipation. The
reconnection rate rrec may be related to the electric field by the equation
rrec ≡ vin
vout
=
Erec
(vA/c)B0
. (4)
1.1.1 Sweet-Parker resistive and kinetic relativistic reconnection
Defining δ and L to be the thickness and length of the current sheet, the
conservation of mass from the reconnection inflow to the outflow in an incom-
pressible plasma requires
δ
L
= rrec =
vin
vout
∼ vin
vA
. (5)
This equation is not always applicable to relativistic reconnection due to
the possible presence of relativistic bulk flows which violate the incompressibil-
ity assumption, but it does apply in the simple steady-state models we discuss
in this section.
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In the Sweet-Parker resistive model of reconnection, L is taken to be the
macroscopic length scale of the magnetic field, while the thickness δ is de-
termined by the dissipation rate that can be sustained by resistivity. The
dimensionless parameter that determines the importance of collisional resis-
tivity is the Lundquist number S ≡ vAL/η, where η is the magnetic diffusivity
produced by resistivity. Lyubarsky (2005) has shown that the reconnection
rate for relativistic Sweet-Parker resistive reconnection is
rrec =
δ
L
∼ 1√
S
, (6)
which is identical to the result for non-relativistic Sweet-Parker resistive
reconnection. Since the Lundquist number S is very large in astrophysical
plasmas (depending on the application, S ∼ 1020 may be a typical value),
Sweet-Parker reconnection is extremely slow. On the other hand, solar flares
are believed to be powered by magnetic reconnection requiring that vin/vA ∼
0.1!
Since the collisional resistivity is often extremely small in magnetically
dominated astrophysical plasmas, kinetic effects resulting from individual par-
ticle motions are likely to be more important than resistivity in many systems.
The characteristic frequency of kinetic effects is the plasma oscillation fre-
quency ωp, given by
ωp =
√
4pinq2
wnm
, (7)
where q is the charge of the particles. Kinetic effects become important on
spatial scales smaller than the corresponding inertial length c/ωp (also known
as “skin depth”). Comisso and Asenjo (2014) have shown that when kinetic
effects are important, the reconnection rate in the relativistic case is given by
rrec =
c
ωpL
. (8)
Because c/ωp is small compared to the macroscopic scale L of the field
lines, steady-state Sweet-Parker kinetic reconnection is still relatively slow.
1.1.2 Fast reconnection and the tearing and plasmod instabilities
There have been many attempts to identify effects that would result in current
sheets with smaller aspect ratios L/δ, to allow for faster reconnection. The
most basic of these models is the Petschek mechanism (Petschek 1964), which
assumes that oblique slow shocks are present around a central X-point, and
they effectively limit the length of the reconnection region. Simulations in the
non-relativistic regime have found that this configuration is unstable unless
an anomalous localised resistivity is present in the center of the reconnection
layer, i.e., at the X-line (Uzdensky and Kulsrud 2000). If the aspect ratio of
the reconnection region is larger than ∼ 100, oblique slow shocks can form
at the end of the reconnection exhausts, (Liu et al. 2012; Higashimori and
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Hoshino 2012), but it is uncertain whether these shocks are analogous to those
in the Petschek model. Despite the difficulty in confirming the viability of
this mechanism, the name “Petschek reconnection” is often used to describe
fast reconnection because kinetic effects can produce an effective anomalous
resistivity. Below, we occasionally use the relativistic “Petschek” model derived
by Lyubarsky (2005) to parameterise the properties of fast reconnection in the
relativistic regime.
Most other models of fast reconnection focus on the effects of instabilities
in the current layer. In any current sheet, the oppositely oriented fields consti-
tute a source of free energy. An important instability that draws on this energy
is the tearing instability, which at the same time mediates and is mediated by
reconnection. The tearing instability produces an alternating series of narrow
X-lines where reconnection can occur, separated by large flux ropes. In turn,
steady reconnection equilibria contain thin current sheets, which themselves
can be unstable to the tearing instability. The nonideal effect that violates flux
freezing to produce reconnection at these X-lines may be collisional resistivity,
or it may arise from kinetic effects, so the tearing instability, like reconnection,
can take both resistive and kinetic forms. The growth rate of the tearing insta-
bility depends strongly on the width of the current sheet. For fast growth, the
sheet width must be comparable to those associated with resistive or kinetic
reconnection (Biskamp 2000; Pe´tri and Kirk 2007).
A Sweet-Parker resistive current sheet is thin enough that a resistive in-
stability of the Sweet-Parker current sheet, called the plasmodia instability,
may break the sheet into X-lines and magnetic islands, thus lowering its as-
pect ratio L/δ and leading to relatively fast reconnection rates rrec ∼ 0.01
even at high Lundquist numbers, for which the unperturbed Sweet-Parker re-
connection would be extremely slow (Loureiro et al. 2007; Samtaney et al.
2009; Huang and Bhattacharjee 2010). However, the corresponding reconnec-
tion rate in the relativistic case is significantly lower, rrec ∼ 0.0001 (Zanotti
and Dumbser 2011). In a long kinetic current sheet whose width is comparable
to the skin depth, the kinetic tearing instability can grow quickly and break
up the current sheet into X-lines and flux ropes, which can result in fast recon-
nection at rrec ∼ 0.1 (e.g., Birn and Hesse 2001). A phase diagram of recon-
nection has been proposed uniting Sweet-Parker and plasmoid configurations
for resistive and kinetic reconnection, with the transition from resistive to ki-
netic reconnection occurring when the Sweet-Parker sheet width approaches
the skin depth, and the transition from Sweet-Parker to plasmoid configura-
tions occurring as the aspect ratio of the reconnection region increases (Ji and
Daughton 2011; Comisso and Asenjo 2014). The transition between resistive
and kinetic regimes has been proposed as a possible explanation of observed
variability in reconnection sites (Goodman and Uzdensky 2008) and the onset
of fast reconnection far from the central engine in a Poynting flux model of
GRBs (McKinney and Uzdensky 2012). In this review, we focus on the study
of kinetic relativistic reconnection and the particle acceleration and radiation
that can be produced by such reconnection, because kinetic effects will often
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dominate in relativistic magnetically dominated astrophysical plasmas, which
are typically nearly collisionless.
1.2 Particle acceleration and radiation in reconnection
As discussed earlier, it is thought that magnetic reconnection is likely to be
responsible for the acceleration of particles in systems that are magnetically
dominated. As particles cross the current sheet at the X-line, they are forced to
return into the current sheet by the reversing magnetic field, following Speiser
orbits (Speiser 1965). Particles following such orbits can be accelerated in
the direction perpendicular to the plane of reconnection (e.g. Zenitani and
Hoshino 2001) by the reconnection electric field. Other acceleration mecha-
nisms, in both X-lines and flux ropes, have been found in kinetic simulations
for a review of these mechanisms see Oka et al. (2010), as well as the discussion
in Section 2.3.
The energy gain per unit time for a charged particle accelerated electro-
magnetically is given in general by
dW
dt
= qE · v ∼ qEc, (9)
Particles accelerated in relativistic magnetically dominated systems are
typically thought to radiate via the synchrotron mechanism, which tends to
place a fundamental constraint on the maximum energy of electromagnetically
accelerated particles. The total synchrotron power emitted by a particle is
given approximately by
dW
dt
∼ 2q
4B2γ2
3m2c3
. (10)
In regions where the MHD condition (2) holds, E ≤ B and setting E = B
allows the derivation of a maximum γ for charged particles, which corresponds
to a maximum radiation frequency referred to as the synchrotron burnoff limit.
However, during reconnection particles experiencing extreme acceleration at
the X-line can spend most of their time deep in the reconnection layer where
E > B (Uzdensky et al. 2011). Thus, they are able to evade this restriction
and produce radiation beyond the burnoff limit, as we demonstrate in Section
3.1.
2 Particle-in-cell simulations of reconnection
2.1 Numerical setup
2.1.1 Numerical techniques
The most common method for simulating the kinetic dynamics of a recon-
necting plasma involves the use of a particle-in-cell (PIC) code that evolves
Relativistic pair reconnection in astrophysics 7
the discretized equations of electrodynamics – Maxwell’s equations and the
Lorentz force law. See Birdsall and Langdon (1991) for a detailed discussion
of this method. PIC codes can model astrophysical plasmas from first princi-
ples, as a collection of charged macro-particles that are moved by integration
of the Lorentz force. Each macroparticle represents many physical particles.
Currents associated with the macro-particles are deposited on a grid on which
Maxwell’s equations is discretized. Electromagnetic fields are then advanced
via Maxwell’s equations, with particle currents as the source term. Finally,
the updated fields are extrapolated to the particle locations and used for the
computation of the Lorentz force, so the loop is closed self-consistently. So
long as current deposition is the only effect of the macro-particles on the field
quantities, charge conservation is ensured. This approach is capable of treat-
ing all effects present in collisionless plasmas, including particle acceleration
to high energies. To ensure that kinetic effects are resolved in the simulation,
it is necessary that the grid spacing be much smaller than the skin depth c/ωp,
and that the timestep be much smaller than the corresponding timescale ω−1p .
To ensure that the momentum space distribution is adequately sampled, keep
particle noise at a low level, and reduce the effects of unphysical collisions due
to the relatively small number of particles in a Debye sphere, it is necessary
that there be several particles per cell for each particle species.
2.1.2 The Harris current sheet
The starting equilibrium of most reconnection simulations is the Harris current
sheet, which is an exact 1D equilibrium of plasma physics (Harris 1962). It is
characterised by the field profile
B = B0 tanh
y
δ
xˆ+ κB0zˆ, (11)
where δ is the half-thickness of the current sheet, which must be of the
same order as c/ωp for fast reconnection to occur. The quantity κ sets the
relative strength of a uniform “guide” field (orthogonal to the reconnection
plane) which may be present in realistic reconnection configurations. For most
of the discussion below, we will assume κ = 0 for the sake of simplicity.
The particles within the current sheet in the Harris equilibrium are ini-
tialised in a drifting Maxwell-Juttner thermal distribution in which positively
and negatively charged particles have equal and opposite bulk velocities β+ =
−β− = β (in units of the speed of light) and drifting Lorentz factors of
γd = 1/
√
1− β2.
The density profile of the Harris current sheet including both electrons and
positrons in the simulation frame is
n = n0 sech
2 y
δ
, (12)
Pressure equilibrium requires that B20 = 8pin0T0, where T0 is the tem-
perature of the particles (in units of mc2) in the current sheet including the
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Fig. 1 Structure of the particle density in the reconnection layer at ωpt = 3000, from a 2D
simulation of σ = 10 reconnection presented in Sironi and Spitkovsky (2014).
Boltzmann constant in the simulation frame. Ampe`re’s Law requires that
β+ = −β− = B0/(4pin0qδ)(−zˆ). (13)
This simple configuration is unstable to the tearing instability and is useful
for studying reconnection. An additional uniform background population of
particles with rest-frame density nb and no drift velocity is typically added to
the current sheet population. Thus, the total density in the simulation frame
of all particles in the middle of the current sheet is n0 + nb, whereas the total
density in the background plasma away from the current sheet is nb. Using
the expression for pressure equilibrium above allows us to express the value of
σ far from the current sheet as
σ =
2n0T0
nbwn,b
. (14)
where wn,b is the mean enthalpy of the particles in the background plasma.
Note that the value of n0T0 is a Lorentz invariant. This equilibrium can be
modified while retaining the same value of σb by increasing the temperature
T0 and decreasing the value of n0/nb to produce an equilibrium with less
density contrast but a difference in temperature between the populations; for
a detailed discussion, see Melzani et al. (2013). This modification is used in
the simulations in this paper.
While the Harris sheet is the most common initial condition for studying
reconnection, it should be mentioned that there are other possibilities. Recon-
nection can be initialised using a force-free current sheet (Guo et al. 2014), and
dynamical scenarios such as X-point collapse (Graf von der Pahlen and Tsik-
lauri 2014). Finally, fully three dimensional configurations (Pontin 2011, and
references therein) are likely to be the most realistic starting points for simula-
tion, but only a few PIC simulations have used such configurations (Baumann
and Nordlund 2012; Olshevsky et al. 2013).
2.2 Structure of the reconnection layer
We now present the structure and the dynamics of the reconnection layer,
discussing the results of 2D and 3D PIC simulations. We concentrate on the
Relativistic pair reconnection in astrophysics 9
Fig. 2 Structure of the reconnection layer at ωpt = 3000, from a 2D simulation of σ = 10
reconnection discussed in Sironi and Spitkovsky (2014). This figure is a zoom-in at 0 ≤
x ≤ 2500 c/ωp of Fig. 1. We present (a) particle density, in units of the number density far
from the current sheet (with overplotted magnetic field lines), (b) magnetic energy fraction
B = B
2/8pimnbc
2 and (c) mean kinetic energy per particle.
case of an electron-positron plasma, which has been most widely explored in
the literature, both in 2D (Zenitani and Hoshino 2001, 2005, 2007; Zenitani and
Hesse 2008; Jaroschek et al. 2004, 2008; Bessho and Bhattacharjee 2005, 2007,
2012; Daughton and Karimabadi 2007; Lyubarsky and Liverts 2008; Cerutti
et al. 2012b, 2013; Werner et al. 2014) and in 3D (Zenitani and Hoshino
2008; Yin et al. 2008; Liu et al. 2011; Sironi and Spitkovsky 2011a, 2012;
Kagan et al. 2013; Cerutti et al. 2014b; Sironi and Spitkovsky 2014; Guo
et al. 2014). The physics of relativistic electron-proton reconnection, yet still
at an early stage of investigation, shows remarkable similarities with electron-
positron reconnection (Melzani et al. 2014).
As described above, the reconnection layer is set up in Harris equilibrium,
with the magnetic field reversing at y = 0. For the sake of simplicity, we
discuss here the case of anti-parallel fields, without a guide field component.
The strength of the alternating fields is parameterized by the magnetization
σ defined in Eq. 1. Here, we assume that the background plasma far from the
current sheet is cold, so wn ∼ 1 and σ = B20/4pimnbc2.
As a result of the tearing instability, the reconnection layer fragments into
a series of magnetic islands (or flux tubes), separated by X-points. Over time,
the islands coalesce and grow to larger scales (Daughton and Karimabadi 2007
have described a similar evolution in non-relativistic reconnection). The struc-
ture of the reconnection region at late times is presented in Fig. 1, from a large-
scale 2D simulation in a σ = 10 pair plasma presented in Sironi and Spitkovsky
(2014). By zooming into the region 0 . x . 2500 c/ωp (here, the inertial length
c/ωp is measured taking the density far from the current sheet), we see that
each X-line is further fragmented into a number of smaller islands. This is a
result of the secondary tearing mode (or “plasmoid instability”) discussed by
Uzdensky et al. (2010). The secondary islands lie at 700 c/ωp . x . 1400 c/ωp
in Fig. 2. They are overdense (Fig. 2a), filled with hot particles (Fig. 2c) and
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Fig. 3 Structure of the particle density at two different times: (a) ωpt = 250 and (b)
ωpt = 1600. The plot refers to a 3D simulation of σ = 10 reconnection without a guide field,
presented in Sironi and Spitkovsky (2014). The 2D slices in the top and bottom panels (at
x = 0 and z = 130 c/ωp, respectively) show the particle number density in that plane.
confined by strong fields (Fig. 2b). In between each pair of secondary islands,
a secondary X-point mediates the transfer of energy from the fields to the
particles. As shown in the next section, efficient particle acceleration occurs
at the X-points.
The reconnection rate is rrec ≡ vin/vout ∼ vin/c ' 0.08 for σ = 10, nearly
constant at late times. The reconnection rate depends on the plasma mag-
netization. In the case of vanishing guide field, Sironi and Spitkovsky (2014)
quote that the reconnection rate in 2D increases from rrec ' 0.03 for σ = 1 to
rrec ' 0.12 for σ = 30, and it is nearly independent of σ for larger magnetiza-
tions, in agreement with the analytical model by Lyubarsky (2005).
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After entering the current sheet, the flow is advected towards the large
magnetic islands by the tension force of the reconnected magnetic field (in
Fig. 2a-c, the major islands are at 200 c/ωp . x . 500 c/ωp and 1600 c/ωp .
x . 1900 c/ωp). Pushed by the ram pressure of the reconnection outflows,
the major islands move along the layer, merging with neighboring islands. A
merger event in indeed seen at x ∼ 1800 c/ωp in Fig. 2. The current sheet
formed between the two merging islands is unstable to the tearing mode, and
it breaks into a series of secondary islands along the y direction (orthogonal
to the primary current sheet).
The evolution of 3D reconnection at late times parallels closely the 2D
physics described above, even in the absence of a guide field.2 As shown in
Fig. 3a, the early phases of evolution are governed by the so-called drift-
kink (DK) mode (Zenitani and Hoshino 2008; Cerutti et al. 2014b; Sironi and
Spitkovsky 2014). The DK instability corrugates the current sheet in the z di-
rection, broadening the layer and inhibiting the growth of the tearing mode at
early times. However, at later times the evolution is controlled by the tearing
instability (Sironi and Spitkovsky 2014), that produces in the xy plane a series
of magnetic islands (or rather, flux tubes), in analogy to the 2D physics. The
reconnection layer at late times is organized into a few major islands (see the
overdense plasmoids in Fig. 3b), separated by underdense regions (transparent
in Fig. 3b) where field dissipation by reconnection is most efficient. In short,
at late times the 3D physics parallels closely the 2D evolution presented above
(yet, with a smaller reconnection rate, rrec ' 0.02 in 3D versus rrec ' 0.08 in
2D). As discussed in the next section, this has important implications for the
acceleration performance of relativistic reconnection in 3D.
2.3 Non-thermal particle acceleration
Relativistic reconnection is an efficient source of non-thermal particles. In
Fig. 4 we present the time evolution of the particle energy spectrum, from a 2D
simulation of reconnection with σ = 10 performed by Sironi and Spitkovsky
(2014). A generic by-product of relativistic reconnection is the generation of
a broad non-thermal spectrum extending to ultra-relativistic energies. For
σ = 10, the spectrum at γ & 1.5 can be fitted with a power-law of slope
p ≡ −d logN/d log γ ∼ 2 (dotted red line). The spectrum clearly departs from
a Maxwellian distribution with mean energy (σ + 1)mc2 (red dashed line,
which assumes complete field dissipation). As shown in Fig. 6, the power-law
slope depends on the flow magnetization, being harder for higher σ (p ∼ 1.5 for
σ = 50, compare solid and dotted green lines). The slope is steeper for lower
magnetizations (p ∼ 4 for σ = 1, solid and dotted black lines), approaching
the result of non-relativistic reconnection, yielding poor acceleration efficien-
cies (Drake et al. 2010). In the limit σ  1, Guo et al. (2014) and Werner et al.
2 The presence of a strong guide field orthogonal to the reconnecting plane guarantees
that the 3D physics will resemble the 2D results, see Guo et al. (2014).
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Fig. 4 Temporal evolution of the particle energy spectrum, from a 2D simulation of σ = 10
reconnection by Sironi and Spitkovsky (2014). The spectrum at late times resembles a power-
law with slope p = 2 (dotted red line), and it clearly deviates from a Maxwellian with mean
energy (σ + 1)mc2 (dashed red line, which assumes complete field dissipation).
Fig. 5 Temporal evolution of the particle energy spectrum, from a 3D simulation of σ = 10
reconnection by Sironi and Spitkovsky (2014). The spectra from two 2D simulations with
in-plane (out-of-plane, respectively) anti-parallel fields are shown with red dotted (dashed,
respectively) lines.
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Fig. 6 Dependence of the spectrum on the magnetization, as indicated in the legend. The
dotted lines refer to power-law slopes of −4, −3, −2 and −1.5 (from black to green).
(2014) have confirmed the trend described above, arguing that the non-thermal
slope asymptotes to p ' 1 for highly magnetized flows.
For magnetizations σ & 10 that yield p . 2, the increase in maximum
energy over time is expected to terminate, since the mean energy per particle
cannot exceed (σ + 1)mc2. For a power-law of index 1 < p < 2 starting from
γmin = 1, the maximum Lorentz factor should saturate at γmax ∼ [(σ+ 1)(2−
p)/(p− 1)]1/(2−p). For σ . 10 (where p & 2), the increase in maximum energy
does not stop, but it slows down at late times.
In short, 2D simulations of relativistic reconnection produce hard popu-
lations of non-thermal particles. However, the structure of X-points in 3D is
different from 2D, as emphasized in the previous section. In particular, the
DK mode is expected to result in heating, not in particle acceleration (Zeni-
tani and Hoshino 2007). Fig. 5 presents the temporal evolution of the particle
spectrum in a 3D simulation with σ = 10, by Sironi and Spitkovsky (2014).
The spectrum at early times is quasi-thermal (black to blue lines in Fig. 5),
and it resembles the distribution resulting from the DK mode (the red dashed
line shows the spectrum from a 2D simulation with out-of-plane anti-parallel
fields, to target the contribution of the DK mode). As discussed above, the DK
mode is the fastest to grow, but the sheet evolution at late times is controlled
by the tearing instability, in analogy to the 2D physics with in-plane fields.
In fact, the spectrum at late times (cyan to red lines in Fig. 5) presents a
pronounced high-energy power-law. The power-law slope is p ∼ 2.3, close to
the p ∼ 2 index of 2D simulations with in-plane fields. With respect to the
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2D spectrum (dotted red line in Fig. 5), the normalization and the upper en-
ergy cutoff of the 3D spectrum are smaller, due to the lower reconnection rate
(rrec ' 0.02 in 3D versus rrec ' 0.08 in 2D), so that fewer particles enter the
current sheet per unit time, where they get accelerated by a weaker electric
field Erec ∼ rrecB0.
The mechanism of particle acceleration at X-points has been the subject
of various investigations, with analytical (Larrabee et al. 2003; Bessho and
Bhattacharjee 2012) or numerical methods.3 Using test particle simulations in
prescribed electromagnetic fields, Nodes et al. (2003); Uzdensky et al. (2011);
Cerutti et al. (2012a) found that reconnection naturally produces beams of
high-energy particles aligned with the reconnection electric field present within
the current layer. These particles follow relativistic Speiser orbits as they are
moving back and forth across the reconnection layer. For a steady Sweet-Parker
configuration, Uzdensky et al. (2011) showed that the meandering width of the
Speiser orbit decreases as the energy of the particle increases, i.e., the most
energetic particles, with larger Lorentz factor, are also the most focused along
the electric field (see also Kirk 2004; Contopoulos 2007). The properties of
these special orbits are also well captured by PIC simulations (Cerutti et al.
2012a, 2013). Fig. 7 shows the trajectory of a sample of 150 particles chosen
randomly in a 2D PIC simulation with σ = 10. The particle orbits are projected
in the plane perpendicular to the reconnecting field, i.e., here in the (yz)-plane
(reconnection happens in the xy-plane). Away from the two layers (located at
y/ρc ∼ 125 and 375, with ρc = mc2/eB0), the particles are well magnetized:
they gyrate along the field lines and remain at z = 0. In contrast, the particles
that enter the layer are efficiently boosted along the direction of the electric
field (the z-axis) and follow relativistic Speiser orbits. The further the particle
gets along the z-direction, the more energetic it will be.
The trajectories of a sample of particles extracted from a 2D simulation
with σ = 10 (in Fig. 8, from Sironi and Spitkovsky (2014)) also illustrate the
mechanism for the formation of the power-law tail in the particle spectrum. At
the X-point located at x ∼ 135 c/ωp the magnetic energy is smaller than the
electric energy (blue region in Fig. 8b), so the particles become unmagnetized
and they get accelerated along z by the reconnection electric field. The final
energy of the particles – the color in Fig. 8a indicates the Lorentz factor
measured at the outflow boundary of the X-line – directly correlates with the
location at the moment of interaction with the current sheet (as argued in the
3 Particle acceleration in magnetic islands (as opposed to X-lines or X-points) is also
widely discussed in the literature, both in non-relativistic reconnection (e.g., Drake et al.
2006; Oka et al. 2010) — where the particles are adiabatic, and they bounce several times
between the two edges of an island — and relativistic reconnection (Liu et al. 2011; Guo et al.
2014), where the energy gain might come just from a single bounce. However, the inflowing
particles interact at first with the X-points, where they get energy from the dissipating fields.
It is this first acceleration episode (that we describe below) which will establish the spectral
slope and strongly affect the future history of the inflowing particles. In fact, particles
accelerated to high energies at the X-point are likely to experience further acceleration via
reflection off of moving magnetic disturbances (e.g., in contracting islands or in between two
merging islands), which might eventually dominate the overall energy gain.
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Fig. 7 Trajectories of a sample of 150 particles projected in the (yz)-plane from a 2D PIC
simulation of relativistic reconnection with σ = 10, and without guide field. Each orbit are
drawn with a different color to increase the readability of this figure.The simulation starts
with two anti-parallel Harris sheets of temperature kT = mc2 located at y/ρc ∼ 125 and 375,
where ρc = mc2/eB0. Particles are accelerated along the z-axis within the current layers
where the electric field is maximum, and they follow special orbits known as relativistic
Speiser orbits. The further the particle gets along the z-axis, the more energetic the particle
will become.
Fig. 8 (a) Energy evolution of a sample of selected particles interacting with a major X-
point, as a function of the location x along the current sheet. Colors are scaled with γX-line,
the Lorentz factor attained at the outflow boundary of the X-line (at x = 0 or 280 c/ωp,
depending on the particle). (b) B − E at the time when the particles interact with the
X-point (here, E = E
2/8pimnbc
2 is the electric energy fraction).
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analytical models by Larrabee et al. 2003; Bessho and Bhattacharjee 2012).
Particles interacting closer to the center of the X-point (darkest blue in Fig. 8b)
are less prone to be advected away along x by the reconnected magnetic field,
so they can stay longer in the acceleration region and reach higher Lorentz
factors (orange and red lines in Fig. 8a). In other words, energetic particles
turn slowly into the reconnected field (By in Fig. 8), because the Larmor
radius is proportional to γ, so that they spend even more time at the X-point
than particles with lower energies. This is an argument originally proposed by
Zenitani and Hoshino (2001), that may also explain the power-law nature of
the spectrum (along with the impact parameter of the particles in the current
sheet). Indeed, a broad power-law distribution is then established, as a result
of the different energy histories of particles interacting at different distances
from the X-point.
We point out that the most energetic particles (red and orange curves in
Fig. 8) are slowly turning around the reconnected magnetic field By, and still
have a positive qE ·v, so that they gain energy even outside of the blue region
(where |E| > |B|). On the other hand, the green and blue particles experience
also the electric fields surrounding the secondary islands, which explains the
oscillations in their energy curves.
2.4 Particle anisotropy and bulk motions
It is now well established that relativistic reconnection is an efficient source of
non-thermal particle acceleration (see previous section). In usual astrophysi-
cal environments, these energetic particles would emit non-thermal radiation
via, e.g., synchrotron or inverse Compton scattering. Due to relativistic aber-
rations, the radiation emitted by highly relativistic particles (with γ  1) is
beamed within a cone of semi-aperture angle ∼ 1/γ  1 along the direction
of motion of the emitting particle. As a result, any anisotropy in the particle
distribution results in an anisotropic distribution of radiation which is of crit-
ical importance in astronomy because the observer probes only one direction
at a time. The overall energetic budget or even the shape of the particle spec-
trum inferred from observations could differ significantly from the isotropically
averaged quantities.
Fig. 9 presents the angular distribution of the particle 4-velocity vectors as
a function of the particle energy, from a 2D PIC simulation with σ ≈ 10 and
with no guide field as first reported by Cerutti et al. (2012b). The low-energy
particles (γ ∼ 1, top panel) present little anisotropy because these particles
have not been accelerated at X-points. At higher energies (γ & σ, middle and
bottom panel), the particles exhibit clear sign of anisotropy with two beams
pointing roughly towards the ±x-directions, i.e., along the reconnection ex-
hausts. Hence, the beams are not necessarily pointing along the reconnection
electric field because the tension of the reconnected field lines pushes the par-
ticles away from the X-points in the form of a reconnection outflow towards
the magnetic islands (see Fig. 2a, and top panel in Fig. 11). Nonetheless, the
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Fig. 9 Angular distribution of the particle 4-velocity vectors u, dn/dΩdγ (contour plot), in
three energy bins: γ = 1.5± 0.1 (top), γ = 6± 0.3 (middle), and γ = 25± 1.2 (bottom).
In this projection (Aitoff), each direction is given by the latitude angle (sinφ = uy/|u|
with −90◦ < φ < +90◦, vertical axis) and the longitude angle (cosλ = uz/
√
u2x + u
2
z with
−180◦ < λ < +180◦, horizontal axis). The precise geometry of the simulation is shown in
Fig. 11. These results were obtained from a 2D PIC simulation with σ = 10 with no guide
field (see also Cerutti et al. 2012b, 2013, and Cerutti et al. 2014b in 3D).
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Fig. 10 Positron momentum spectrum along x (green), y (blue), +z (red solid) and −z
(red dashed), for 2D and 3D, as indicated in the legend.
direction of the beam of energetic particles is not static: it wiggles rapidly
within the (xz)-plane (along the horizontal axis in Fig. 9), which results in
rapid flares of energetic radiation when the beam crosses the line of sight of a
distant observer (Cerutti et al. 2012b). This result has interesting application
to astrophysical flares, and in particular to the recently discovered > 100 MeV
gamma-ray flares discovered in the Crab Nebula (Cerutti et al. 2013, 2014b)
(see Sect. 3.1). The Crab flare case is quite extreme in the sense that the par-
ticles emitting > 100 MeV synchrotron radiation should be accelerated and
radiating over a sub-Larmor timescale, so the highest energy radiation should
keep the imprint of the particle anisotropy (regardless of the acceleration pro-
cess), while the low-energy radiation should be more isotropic.
The pronounced anisotropy discussed above lasts for some limited amount
of time. Indeed, when the high-energy particles reach the magnetic islands,
they isotropize quickly in the strong fields shown in Fig. 2c and they do not
contribute to the beamed emission. Since most of the particles at late times
are contained in the major islands, it is not surprising that the long-term
momentum spectra show little signs of anisotropy (see Fig. 10). Even the
residual difference between the momentum spectra along +z and −z (red solid
and dashed lines, respectively) diminishes at later times (the 2D momentum
spectra at ωpt = 1800 were similar to the 3D results in Fig. 10, showing that
the anisotropy decays over time).
It is important to stress that this beaming mechanism is strongly energy-
dependent. It should be distinguished from the Doppler boosting due to a rel-
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Fig. 11 Positron fluid velocity β = v/c in the x- (top), y- (middle), and z-directions
(bottom), for the same simulation as in Fig. 9 (σ = 10, no guide field). The black solid lines
show the magnetic field lines. The electron fluid velocity maps are identical, except that
βz,electrons = −βz,positrons.
ativistic bulk motion in the flow which beams all the particles and radiation
by the same factor. In fact, relativistic reconnection produces also relativistic
bulk flows as anticipated by Lyubarsky (2005), and constitutes the corner-
stone of the fast-variability models for blazar jets by Giannios et al. (2009)
(see Sect. 3.2). Fig. 11 shows the three components of the fluid velocity vec-
tor normalized by the speed of light, β = v/c, for the same simulation as in
Fig. 9 (where σ = 10 and with no guide field) and at the same stage. The
x-component presents the characteristic signature of a dipolar relativistic flow
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Fig. 12 Total Lorentz factor of the positron fluid, Γ = 1/
√
1− β2, computed from Fig. 11.
The white solid lines are magnetic field lines.
at every X-point where βx ≈ ±0.5, which corresponds to the reconnection
outflow accelerated by the tension of the newly reconnected field lines (i.e.,
vout/c defined in Sect. 1.1). The y-component shows the inflow of particles
from the upstream towards the X-point that feeds the reconnection process
with fresh plasma (i.e., vin/c in Sect. 1.1). This motion is due to the Ez ×Bx
drift velocity, and is about βy ≈ ±0.3 in this particular simulation. The z-
component is related to the electric current carried by counter-streaming elec-
trons and positrons around the X-points. The corresponding fluid velocity is
about βz = β+ = −0.6 for the positrons and βz = β− = +0.6 for the electrons,
but the net velocity is close to zero if both fluids are combined. Overall, the
bulk Lorentz factor is only close to unity in this simulation (see Fig. 12), which
demonstrates that the anisotropic particle distributions is not related to the
relativistic Doppler beaming. This being said, according to Lyubarsky (2005),
the bulk Lorentz factor of the outflow in relativistic Petscheck-like reconnec-
tion should scale as γout ∼
√
σ. Indeed, it is hard to envision a scenario of fast
reconnection (in the high σ regime) where the outflowing material is not in
relativistic bulk motion. PIC simulation runs that follow the evolution of the
current sheet on a longer time scale typically find that the γout ∼
√
σ scaling
works in the high-σ regime (Sironi and Spitkovsky 2014, K. Nalewajko 2013,
private communication).
3 Astrophysical applications
3.1 Pulsars and pulsar wind nebulae
Pulsars are often regarded as one of the most suitable astrophysical environ-
ment for relativistic pair plasma reconnection. These objects are known to
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generate extremely magnetized plasma of pairs within their co-rotating mag-
netosphere. The plasma is released in the form of a relativistic magnetized
wind beyond the light-cylinder surface, which is defined where the co-rotating
velocity with the star equals the speed of light. In the wind region, the mag-
netic field lines open up and become mostly toroidal due to the fast rotation
of the neutron star. This configuration naturally results in the formation of an
equatorial current sheet (or “striped wind”) that separates the two magnetic
polarities. This is the relativistic analog of the well-known ballerina’s skirt
shaped heliospheric current sheet.
Reconnection in the equatorial current sheet was first proposed by Coro-
niti (1990) and Michel (1994) as a remedy to the “sigma-problem”, i.e., to
explain the transition between a Poynting-flux dominated flow formed close
to the neutron star (σ  1) to the observed low-σ pulsar wind nebulae. How-
ever, Lyubarsky and Kirk (2001) noticed that the dissipation of the current
sheet would be followed by the acceleration of the wind. In the Crab pulsar,
the wind would reach the termination shock before reconnection could pro-
ceed, unless the pulsar injects pairs at a higher rate than usually expected
(Kirk and Skjæraasen 2003). As an alternative to the classical magnetospheric
models (e.g., polar-cap, outer-gap, slot-gap), Lyubarskii (1996) suggested that
reconnection in the striped wind could also explain the high-energy gamma-
ray emission observed in pulsars (Kirk et al. 2002; Pe´tri 2012; Arka and Dubus
2013; Uzdensky and Spitkovsky 2014).
If, however, reconnection is inefficient in the wind zone, the striped wind is
forced to dissipate at the termination shock (Lyubarsky 2003). Using particle-
in-cell simulations, Pe´tri and Lyubarsky (2007) in 1D and Sironi and Spitkovsky
(2011a) in 2D and 3D showed that shock-driven reconnection is able to anni-
hilate the magnetic structure and efficiently accelerates particles regardless of
the wind properties for large magnetizations. Whether the dissipation occurs
in the wind or at the termination shock, it solves only partially the sigma-
problem because the striped wind covers only a fraction of the solid angle
set by the inclination angle between the rotation axis and the magnetic axis.
Hence, the wind and the nebula should remain magnetically dominated at
high latitudes (except for an orthogonal rotator). But, as we know from ob-
servations, pulsar wind nebulae are particle kinetic energy dominated flows,
so there must be an extra mechanism to dissipate the remaining Poynting
flux. Lyubarskij (1992) and Begelman (1998) argued that pulsar wind nebulae
should be subject to non-axisymmetric kink-like instabilities. Their hypothe-
sis was recently corroborated by 3D relativistic MHD simulations by Mizuno
et al. (2011) and Porth et al. (2013, 2014). The dissipation of the magnetic
energy could be done during the non-linear development of these instabilities
via non-ideal MHD effects such as magnetic reconnection.
The surprising discovery of short-lived, bright gamma-ray flares from the
Crab Nebula (Tavani et al. 2011; Abdo et al. 2011) could be the direct evidence
of magnetic reconnection in the Nebula (Uzdensky et al. 2011; Clausen-Brown
and Lyutikov 2012; Cerutti et al. 2014a). Using 2D and 3D PIC simulations,
Cerutti et al. (2013, 2014b) showed that most of the features of the flares can
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Fig. 13 Isotropically-averaged particle spectrum (γdN/dγ, left panel) and synchrotron ra-
diation energy distribution (νFν , right panel) in a 2D (solid line) and 3D (dashed line) PIC
simulations of relativistic reconnection, including the effect of the radiation reaction force
on the particles. The vertical dotted lines show the radiation-reaction limited energy of a
particle if E = B0 (γ = γrad, left), and the corresponding maximum synchrotron photon
energy ( = 160 MeV independent of E and B0, right). Figure adapted from Cerutti et al.
(2014a).
be explained with relativistic reconnection (timescale, energetics, particle and
photon spectra). In particular, these studies demonstrated that reconnection
can accelerate particles above the synchrotron radiation burn-off limit (Guil-
bert et al. 1983; de Jager et al. 1996) deep inside the reconnection layer where
the electric field overcome the magnetic field (see Fig. 13), as anticipated by
Kirk (2004) and Contopoulos (2007) (Sect. 1.2). This result is crucial because
it can explain the emission of > 100 MeV synchrotron radiation emitted dur-
ing every Crab flare, which would be impossible to achieve in ideal MHD.
The reconnection scenario would work best in the most magnetized regions of
the nebula, i.e., near the poles and possibly in the jets (Cerutti et al. 2012a;
Lyubarsky 2012; Komissarov 2013; Mignone et al. 2013). Unfortunately, the
current gamma-ray telescopes do not have the angular resolution to pin down
the precise location of the flares within the Nebula.
3.2 Jets from Active Galactic Nucleii
Jets from active-galactic nuclei have been monitored for decades at practically
all accessible electromagnetic wavelengths resulting in a very rich phenomenol-
ogy (Urry and Padovani 1995). When the jet is pointing close to our line of
sight, it is referred to as a “blazar”. Recent observational progress in the blazar
field has been immense. In particular, Cherenkov telescopes can now detect
minute timescale variability in an increasing number of blazars (Aharonian
et al. 2007). These novel results strongly constrain the hydrodynamical mod-
els for the jet emission.
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A broader consensus has emerged regarding the qualitative nature of the
“central engine”. The energy source in this view is a spinning black hole or the
inner accretion disk threaded by a strong magnetic field (see, e.g., Blandford
and Payne 1982). This field transfers rotation energy outward as a Poynting
flux. While part of the magnetic energy is used for the bulk acceleration of
the jet, much of the energy remains in the magnetic field (Lyubarsky 2010)
and is available to power the jet emission through dissipation by instabilities
and magnetic reconnection (Giannios et al. 2009). In this picture, the jet is
expected to be magnetically dominated in the emitting region, i.e., one deals
with relativistic reconnection. In the following we show that applying our
current understanding of relativistic reconnection to the physical conditions
expected is blazar jets, reconnection can account for the extreme energetics
and timescales inferred by blazar observations (for a similar approach to the
modeling of the emission from gamma-ray bursts see Giannios and Spruit 2005;
Lyutikov 2006; Zhang and Yan 2011). The possibility that ultra-high-energy
cosmic ray acceleration takes place at the current sheets of the reconnection
regions of powerful jets is investigated in Giannios (2010).
The magnetic reconnection model for blazar emission: Blazar emission varies
on timescales typically ranging from hours to years and is thought to reflect, in
part, variations of the gas properties in the black-hole vicinity4. The recently
discovered ultra-fast TeV flares from several blazars5 (see, e.g., Aharonian et al.
2007; Albert et al. 2007) are strongly challenging the models for the blazar
emission (Ghisellini and Tavecchio 2008; Giannios et al. 2009). This rare but
generic blazar activity has several very revealing properties. (i) Fast flares
have ∼ 10 minute variability timescale, i.e, a factor ∼ 100 shorter than the
light-crossing time of the size of the black hole, pointing to extremely compact
emitting regions. (ii) The emitting material must move with Γem & 50−100 for
the TeV radiation to avoid anihhilation by soft radiation fields at the source
(Begelman et al. 2008; Finke et al. 2008); these values of Γem are much larger
than the bulk jet motion Γj ∼ 10 typically inferred in blazars from radio
observations (see Lister et al. 2009). (iii) For & 100 GeV photons to escape
the observed broad line region of the blazar PKS 1222-216, the emitting region
must be located at scales & 0.5 pc (Tavecchio et al. 2011). (iv) Simultaneous
TeV and GeV (Fermi-LAT) observations indicate that the TeV flaring takes
place on top of longer day-long blazar activity (e.g. Tanaka et al. 2011). (v)
Fast flares may come in a repetitive fashion of similar events as observed in
PKS 2155-304 (Aharonian et al. 2007). Taken together, these inferences are
extremely constraining for the models for the blazar emission.
Giannios et al. (2009) argued that the ultra-fast variability must be gen-
erated internally in the jet by MHD instabilities. In strongly magnetized jets,
the reconnection process injects energetic particles in compact, fast moving re-
gions. These regions are natural emitters of powerful flares. Furthermore, the
4 Several hours is the event-horizon light-crossing time of a billion solar-mass black hole–
mass typically inferred for the central engine in blazars: tcross = 2GMBH/c
3 ' 104M9 s.
5 Including Mrk 421, Mrk 501, PKS 2155-304, PKS 1222-216, and BL Lac.
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emitting material is expected to be faster than the jet on average allowing for
TeVs to escape the source. For a jet moving with bulk Γj ∼ 10−20 and a plas-
moid being ejected with bulk γout '
√
σ (as measured in the rest frame of the
jet), the emitting region moves with Γem ' 2Γjγout (in the frame of the host
galaxy). For σ ∼ several, one can easily account for the required Γem & 50.
Applications of the model to fit spectra of specific sources are reported in
Giannios et al. (2010); Nalewajko et al. (2011).
The Giannios et al. (2009) model is based on a simplified picture for the re-
connection geometry adopting a steady state reconnection model. As pointed
out by Narayan and Piran (2012) steady reconnection cannot account for the
fastest evolving blazar flares because the variability timescale is limited by the
reconnection speed βin < 1. However, assuming steady reconnection is over-
simplistic. Solar and Earth magnetosphere observations and recent advances in
theory and numerical simulations (see previous Sections) have revealed that
reconnection is an inherently time-dependent, highly dynamic, process (see,
e.g., Lin et al. 2005; Park et al. 2006; Karlicky´ and Kliem 2010). These time-
dependent aspects of reconnection are crucial in understanding the fastest
timescales involved in blazar flaring. For the physical conditions prevailing in
jets, the reconnection current sheets are expected to suffer from tearing in-
stabilities that lead to their fragmentation to a large number of plasmoids
(Loureiro et al. 2007; Bhattacharjee et al. 2009). The plasmoids grow rapidly
through mergers before leaving the reconnection region. Occasionally plas-
moids undergo significant growth to a scale of order of that of the reconnection
region, forming “monster” plasmoids (Uzdensky et al. 2010; see Fig. 14; left
panel). The relativistic motion of the plasmoids in the rest frame of the jet re-
sults in additional beaming of their emission (i.e., beyond that induced by the
jet motion). When the layer’s orientation is such that plasmoids beam their
emission towards the observer, powerful and fast evolving flares emerge. Here
we focus on the characteristic observed timescales and luminosities resulting
from plasmoids that form in the reconnection region. For simplicity, we assume
that the dissipated energy is efficiently converted into radiation.6
Giannios (2013) demonstrated that a broad range of blazar phenomenology
can be qualitatively understood in the context of plasmoid-dominated recon-
nection. The virtue of the model is that it can be applied to all blazar sources
with observed fast flaring for similar adopted parameters. The model favors
pc-scale dissipation for the origin of the fast flaring and provides theoreti-
cal motivation for such dissipation distance. Another interesting aspect of the
model is that a sequence of fast flares is expected to have similar timescale set
by the size of the reconnection layer as observed in PKS 2155. This work has
demonstrated that the tight energetic, emitter Lorentz factor, and timescale
constraints (i)-(v) are satisfied in the reconnection model. More importantly,
the basic assumptions of the Giannios 2013 analysis on the properties of the
6 In practice the blazar emission is likely to result of ultrarelativistic electrons cooling via
synchrotron radiation and Compton scattering. As discussed in previous sections, relativistic
reconnection is an effective means of accelerating particles to such extreme energies.
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Fig. 14 Left Panel: Schematic representation of the geometry of reconnection process shown
in a frame comoving with the jet. Magnetic field lines of opposite polarity annihilate at the
x− y plane with speed vrec = βinc. The reconnection layer fragments to a large number of
plasmoids. Regularily, plasmoids undergo multiple mergers resulting in a “monster” plasmoid
(shaded blob). Right Panel: Sketch of the emission from plasmoid-dominated reconnection.
The reconnection proceeds on a global timescale trec = l/βinc, powering ∼ 1day long flares
(or envelope emission). Regularily, plasmoids grow to become “monster” plasmoids (shaded
blob) giving rise to powerful, fast-evolving flares of duration tflare ∼ 10 minutes. Several fast
flares are expected from a single reconnection event.
reconnection layer have been fully verified by PIC simulations since then (see
previous Sections).
In the following of this Section we make a plausibility argument for the
model: we estimate the characteristic observed timescales and luminosities re-
sulting from plasmoids that form in the reconnection region (for full derivations
see Giannios 2013). To this end, we consider a blob (or plasmoid) emerging
from the reconnection layer moving with the Alfve´n speed of the reconnection
upstream, i.e, with a corresponding bulk Lorentz factor γout '
√
σ (measured
in the jet rest frame) and of size R′′p = fl
′, where l′ is the characteristic scale
of the reconnection region and f is a dimensionless parameter of the order of
0.1, as expected for the largest, “monster” plasmoids (Uzdensky et al. 2010);
hereafter, primed (double primed) quantities are measured in the rest frame
of the jet (emitting blob).7 The observed characteristic variability time for
the plasmoid emission is tv ' R′′p/δpc, where δp is the Doppler boost of the
7 We assume that the plasmoid instability operates across the whole length of the current
sheet, as opposed to a situation where central, very compact, dissipation region forms and is
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plasmoid radiation towards the observer. For a central engine in which the
magnetic field varies on a dynamical time ∼ RSch/c, the characteristic scale
of the reconnection region can be estimated to be l′ ' ΓjRSch resulting in
tv =
fΓjRSch
δpc
= 400f−1Γj,20M9δ−1p,50 s, (15)
where δp = 50δp,50, f = 0.1f−1, Γj = 20Γj,20. f ∼ 0.1 describes the largest
plasmoids expected in the layer (Uzdensky et al. 2010). Flaring on several
minute timescale is therefore expected in this picture.
Consider a jet emerging from a supermassive black hole with (isotropic
equivalent) power Liso, opening angle θj and Lorentz factor Γj . We also as-
sume that θjΓj = 0.2 as indicated by observations (Pushkarev et al. 2009).
The typical bulk Lorentz factor of gamma-ray active blazars is Γj ∼ 10 − 20
(Savolainen et al. 2010; Piner et al. 2012). The energy density at the dissipa-
tion, or “blazar”, zone is
U ′j =
Liso
4pi(θjRdiss)2δ4j c
. (16)
The dissipation distance Rdiss is estimated requiring that the reconnection
proceeds within the expansion time of the jet (Rdiss/Γjc ∼ l′/c).
Pressure balance across the reconnection layer requires the energy density
of the plasmoid to be similar to that of the jet U ′′p ∼ U ′j . Assuming efficient
conversion of dissipated energy into radiation, the rest-frame luminosity of the
plasmoid is thus Lp,obs = δ
4
pL
′′ = δ4pU
′′
p 4piR
′′2
p c. Putting everything together,
the observed luminosity of the plasmoid is (Giannios 2013)
Lp,obs = 10
47
β2in,−1f
2
−1δ
4
p,50Liso,48
δ4j,20
erg/s. (17)
The Doppler factor of the plasmoid δp depends on several parameters. It
is related to Γj , γout, the angle of the plasmoid with respect to the jet motion
and the observer’s angle of sight. For typical situations where the reconnection
layer is at a large θ ∼ pi/2 angle with respect to the jet propagation (as seen
in the jet rest) and fairly aligned with the observer (giving powerful flares)
δp ∼ Γjγout. One can see (see Eq. 17) that powerful flares on a timescale of
∼10 min is possible even with very modest relativistic motions within the jet
γout ∼ 2.
Ejection of multiple monster plasmoids: During a reconnection event multiple
monster plasmoids are expected to form. 2D simulations (Loureiro et al. 2012)
indicate that monster plasmoids form every few Alfve´n times tA or at a rate
of ∼ 0.3t−1A . It appears likely that 2D simulations underestimate the rate of
formation of monster plasmoids. The actual rate may be higher when the 3D
surrounded by extended magnetic separatrices (the slow shocks in Petscheck model) across
which most of the plasma flows. In the latter case, the monster plasmoids may be smaller.
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structure of the layer is considered (Sironi and Spitkovsky 2014). If monster
plasmoids emerge at a rate ∼ (0.3− 3)t−1A , some (3− 30)/βin,−1 plasmoids are
expected from a single reconnection layer powering multiple flares. A sketch
of such pattern is shown in Fig. 14.
The “envelope emission” from the reconnection region: The bulk motion of a
monster plasmoid is expected to be similar to the speed of other structures
(e.g. smaller plasmoids) leaving the reconnection region. When the plasmoid
emission is beamed towards the observer (powering a fast flare), the overall
emission from the current layer is also beamed by a similar factor. The emission
from the layer forms a slower-evolving “envelope”. In the following we estimate
the timescale and luminosity of the emission from the reconnection layer.
At the dissipation distance Rdiss, the reconnection proceeds within the
expansion time of the jet (Rdiss/Γjc ∼ l′/βinc) which is observed to last for
texp,obs ' Rdiss/Γ 2j c. Therefore, texp,obs corresponds to the observed duration
of the envelope emission which is simply (using also Eq. (15)):
tenv =
Rdiss
Γ 2j c
= 105
M9
βin,−1
s. (18)
The duration of the envelope emission is∼days. Such timescale is characteristic
of blazar flares.
The (lab frame) energy available to power the envelope emission is Eenv =
Uj2l
′3/Γj, where Uj = Γ 2j U
′
j is the energy density of the jet and 2l
′3/Γj accounts
for (lab frame) volume of the reconnection region that powers each minijet (see
Fig. 14). The emitted luminosity of the reconnection region is Eenv/tenv. It can
be converted into observed luminosity by accounting for beaming factor of the
emission ∼ δ2p:
Lenv,obs ' 2Γ 2j δ2pl′2U ′jβinc = 3× 1046
Γ 2j,20δ
2
p,50β
3
in,−1Liso,48
δ4j,20
erg/s. (19)
The envelope emission is quite bright. Dividing Eqs. (17) and (19), one
arrives to a fairly simple expression for the ratio of the plasmoid to envelope
luminosities Lp/Lenv ∼ 3f2−1δ2p,50/(Γ 2j,20βin,−1). The luminosity contrast de-
pends only on the Lorentz factor of the minijet in the rest frame of the jet
γp ' δp/Γj, the size of the plasmoid parametrized by f , and the reconnec-
tion sped βin. The observed luminosity ratio is of order unity constraining
δp,50/Γj,20 ∼ 1 for βin ∼ f ∼ 0.1. The ratio δp,50/Γj,20 is determined by the
reconnection-induced bulk motions in the jet and points to γout ∼ 2 or, equiv-
alently, moderately magnetized jet with σ ∼ several.
Most of the current numerical work on relativistic reconnection (and this
review so far) has focused on the case of electron-positron plasmas. The com-
position of the jet flow is still an open question but an electron-proton jet is
a strong possibility. Electron-ion reconnection is more challenging, on a nu-
merical level, than electron-positron reconnection, since the computation has
to resolve the small scales of electrons, yet the system evolves on the longer
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ion timescales. However, the physics of relativistic electron-proton reconnec-
tion, yet still at an early stage of investigation, shows remarkable similarities
with electron-positron reconnection (e.g., Melzani et al. 2014). A detailed in-
vestigation of relativistic reconnection in the case of unequal mass charges
is of paramount importance to obtaining predictions for the acceleration of
electrons and cosmic rays in blazar jets.
4 Conclusion
There has been significant progress in our understanding of relativistic recon-
nection in recent years, thanks to both analytical works and numerical simu-
lations. One important outcome is that plasma instabilities in current sheets
play a crucial role in the dynamics of reconnection. In particular, the tearing
instability which fragments the current sheet, leads to fast reconnection and
efficient non-thermal particle acceleration. Particle-in-cell simulations are now
large enough to unambiguously identify broad, hard power laws in the particle
energy distributions (in the high-magnetization limit). The power-law index is
typically harder than the universal ∼ −2 index expected in shock acceleration.
These impressive developments were also motivated by puzzling observations of
high-energy phenomena in the Universe, especially flaring gamma-ray sources.
Ultra-rapid gamma-ray flares discovered in the Crab Nebula and in several
AGN jets are too fast and too bright to be explained by conventional mod-
els. Particle beaming and relativistic bulk motions associated with relativistic
reconnection can alleviate these difficulties. We expect fast new developments
in this field, with more applications to astrophysical objects.
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